Introduction
============

The Old World monkey genus *Macaca* is the most widespread nonhuman primates, having diversified 5--5.5 Ma, and subsequently spread throughout Asia ([@msu104-B8]). Macaques have long been used as important animal models in biomedical research because they are closely related to humans, sharing a last common ancestor about 25 Ma ([@msu104-B26]). The genus contains about 19--22 extant species belonging to four well-defined Asian macaque groups (*sylvanus*, *silenus*, *sinica,* and *fascicularis*), including a single African species (*Macaca sylvanus*; [@msu104-B16]; [@msu104-B53]; [@msu104-B61]; [@msu104-B31]; [@msu104-B41]). The most widely used macaque in biomedical research is the rhesus macaque (*M. mulatta*). However, a ban on the export of rhesus macaques by the Indian government has increased the requirement of other macaque species (subspecies) for research, such as the Chinese rhesus macaque (CR, *M. mulatta lasiota*), cynomolgus macaque (CE, *M. fascicularis*), Japanese macaque (*M. fuscata*), the bonnet macaque (*M. radiata*), and the Tibetan macaque (TM, *M. thibetana*). Because of their great significance as animal models in human evolutionary and biomedical research, whole-genome sequences of rhesus macaque and CE were released in 2007, 2011, and 2012 ([@msu104-B45]; [@msu104-B13]; [@msu104-B55]; [@msu104-B22]). However, the sequenced genomes are within the *fascicularis* group, genome information of macaques from the *sinica* group is still unavailable to this date.

The TM (*M. thibetana*), a *sinica* group species endemic to China, differs substantially from *fascicularis* species in their geographical range, body size, and a variety of morphological, physiological, and behavioral characteristics. Compared with rhesus macaque, TM has bigger body size, longer life span, calmer temperament, and is easier to train ([@msu104-B19]). TM has already been used in biomedical researches, such as in intraocular pressure (IOP) research ([@msu104-B33]) and liver transplantation studies. Although all macaques share a common ancestor up to 5 Ma, the *sinica* and *fascicularis* groups diverged from each other around 3 Ma ([@msu104-B53]; [@msu104-B41]). It is already known that different species (subspecies) of macaque react differently and show different levels of pathogenesis to human infectious diseases such as AIDS ([@msu104-B32]) and malaria ([@msu104-B47]). Therefore, it is highly desirable to fully assess the genetic backgrounds of the different macaque species.

In addition, the relationships between different macaque species are still controversial due to the existence of historic and ongoing episodes of hybridization ([@msu104-B41]), which occurred particularly intensively among macaques of Asian origin. For example, hybridization has been detected in the pig-tailed macaques ([@msu104-B53]), various Sulawesi macaques ([@msu104-B11]), and between rhesus macaque and CE ([@msu104-B55]). Furthermore, some studies suggested that there were ancient hybridizations between two lineages (*sinica* and *fascicularis*) ([@msu104-B52], [@msu104-B53]; [@msu104-B31]). However, there is no report inferring hybridization in TM. The whole-genome sequencing of TM would let us examine whether there were any admixture events between TM and other macaques.

The released whole-genome sequences of the Indian rhesus macaque (IR) provided a great reference for the resequencing strategy of other macaque species ([@msu104-B13]; [@msu104-B22]). In this study, we generated a TM genome sequence with approximately 37-fold coverage using the Illumina Hiseq 2000 system based on resequencing strategy. The sequences were then mapped to the IR genome (rheMac2) to generate genotype calls. Combined with two previously sequenced CRs (CR1 from Yunnan Province, CR2 from Sichuan Province) and two previously sequenced CEs (CE1 from Vietnam and CE2 from Malaysia) genomes, we further identified TM-specific variants. Notably, we identified specific variants within important human immune response and diseases genes. In addition, we explored the genome-wide genetic divergence and the evolutionary history of these macaque species.

Results and Discussion
======================

Genome Sequencing and Variant Discovery
---------------------------------------

A wild female TM (12--15 years old) captured at Mabian County in Sichuan province, China, was used for whole-genome sequencing. DNA was extracted from its blood, and whole-genome sequencing was performed with the Illumina HiSeq 2000 platform. More than 1,275 million clean reads were generated, which covered approximately 114.75 Gbp. The clean reads have been deposited in the National Center for Biotechnology Information (NCBI) Short Read Archive under accession number SRP032525. In total, about 1,209 million reads could be mapped to the IR reference genome (rheMac2), and more than 900 million reads (72.8%) were unique concordantly mapped ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). The effective genome-wide mean coverage for TM was 36.92-fold. The alignment files of TM and other macaques were processed with our customized genotyping pipeline to get the genotype calls of five macaques ([fig. 1](#msu104-F1){ref-type="fig"}*A*). Then, we applied conservative data quality filters to further control the quality of genotype calls (see [supplementary note](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online, for details). After imposing genome and sample filters (SFs), we could genotype 91.09% of the genome (20 autosomes). A total of 11,937,445 single-nucleotide variants (SNVs) were identified in TM compared with the reference. The transitions/transversions (*T*~i~/*T*~v~) ratio in TM (*T*~i~/*T*~v~ = 2.17; [supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online) was in accordance to the criteria of approximately 2--2.2 in the 1000 Genomes and other genome-wide sequencing studies ([@msu104-B9]; [@msu104-B27]). Among all SNVs, 82.84% of them (9,889,106) were homozygous in TM ([table 1](#msu104-T1){ref-type="table"}). To further quantify genome-wide heterozygosity, we calculated the ratio of heterozygous SNVs against all passed filters sites, which yielded an autosomal heterozygosity of only 0.000898 in TM ([table 1](#msu104-T1){ref-type="table"}). F[ig]{.smallcaps}. 1.Genotyping pipeline and mean genome wide coverage. (*A*) Overview of the sequence alignment and customized genotyping pipeline in our study. Details of the major steps and postgenotype filters can be found in [supplementary file S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online. (*B*) Proportion of the covered genome per sample as a function of minimum depth of coverage. The numbers in legend are the mean genome wide coverage. Table 1.Numbers of Useable Sites, Autosomal Heterozygosity, and SNV Rate in Five Macaques.SampleNonvariant SitesSNVsTotal Useable SitesHeterozygositySNV RateHeterozygousHomozygousTotalCR12,254,758,6525,925,8773,458,4829,384,3592,264,143,0110.0026170.004145CR21,631,118,4384,277,2331,974,8656,252,0981,637,370,5360.0026120.003818CE12,233,731,2336,746,3575,004,94511,751,3022,245,482,5350.0030040.005233CE22,249,104,9237,188,3554,812,49312,000,8482,261,105,7710.0031790.005308TM2,269,701,3172,048,3399,889,10611,937,4452,281,638,7620.0008980.005232

Small Indels in TM
------------------

Using the mapping information within the alignments, we also genotyped small indels in TM with the Genome Analysis Toolkit (GATK). The threshold for the minimum base quality was 20. In total, we detected 1,125,876 deletions and 1,032,913 insertions on the 20 autosomes ([table 2](#msu104-T2){ref-type="table"}). We further identified indels within genes and their respective locations. There were 367,317 genic deletions (32.62%) and 336,218 genic insertions (32.55%), as well as 5,268 untranslated region (UTR) deletions and 4,894 UTR insertions ([table 2](#msu104-T2){ref-type="table"}). Nine hundred and sixty-two deletions and 875 insertions were found within exons. Among these exon indels, 623 deletions and 613 insertions could cause frame shifting (non-3x-bp length). In addition, more than 60% of them were homozygous (deletions: 424; 68% and insertions: 481; 78%). Future studies will be needed to investigate the effect of these potential frame shifts. The proportion of the 3x-bp-length indels within the coding regions (32.7%) was much higher than that within the noncoding regions (13.4%), indicating that there probably is purifying selection on frame-shifting indels within the coding regions. A similar pattern has been observed in the genome of CE2 ([@msu104-B22]). The distribution of the small indel lengths is shown in [figure 2](#msu104-F2){ref-type="fig"}. More than 50% of them correspond to single base pairs (deletions: 50.3%; insertions: 54.4%). F[ig]{.smallcaps}. 2.Distribution of small indel lengths detected in the TM genome. (*A*) Total numbers of indels and the numbers of genic indels. (*B*) Numbers of exon indels. Table 2.Numbers of Small Indels (Deletions and Insertions) in TM.TypeNumbersCause Frame ShiftingTotalWithin GeneWithin ExonWithin UTRDeletions1,125,876367,3179625,268623Insertions1,032,913336,2188754,894613[^3]

SNVs Distribution in TM
-----------------------

Based on gene annotations from the reference genome, a total of 3,833,049 SNVs of TM were located in TM genic regions, including 63,626 SNVs within exons ([table 3](#msu104-T3){ref-type="table"}). We examined the exons of each gene with variants by translating the respective codons using the standard genetic code and found 52,987 synonymous variants and 33,612 nonsynonymous variants ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). We next searched for immune- and drug-response genes in humans that carried nonsynonymous SNVs in TM because these genes are of particular interest in biomedical research ([@msu104-B13]; [@msu104-B55]; [@msu104-B22]). In addition, considering the big body size of TM and that TM is more prone to develop obesity and high blood sugar levels than other macaques, we examined variants in glucose metabolic process genes and insulin-related genes. In total, we searched six gene ontology (GO) terms. We found that there were 1,224 nonsynonymous variants in immune response genes and 270 in drug response genes. There were 136 nonsynonymous variants located in glucose metabolic process genes, as well as more than 200 in three insulin-related GO terms ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). The number of genes exhibiting at least one homozygous nonsynonymous variant are listed in [supplementary table S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online, including 347 genes related to immune response, 78 genes involved in drug response, and 41 genes related to glucose metabolic process, as well as 37 genes related to insulin secretion, 35 genes associated with the insulin receptor signaling pathway, and 5 genes related to insulin receptor binding. Table 3.SNV Distributions in TM.TotalHomozygousHeterozygousTotal SNVs11,937,445 (3,936,546)9,889,106 (2,861,190)2,048,339 (1,075,356)Gene region3,833,049 (1,332,527)3,228,837 (999,602)604,212 (332,925)Exon63,626 (26,205)52,992 (19,784)10,634 (6,421)Intron3,262,692 (1,130,354)2,750,155 (847,520)512,537 (282,834)UTR50,118 (18,892)41,776 (14,454)8,342 (4,438)Noncoding456,613 (157,076)383,914 (117,844)72,699 (39,232)[^4]

Genetic Diversity among Macaques
--------------------------------

To determine the relationship between TM and other macaque species, we applied the same pipeline to process other four available macaque genomes (CR1, CR2, CE1, and CE2). We obtained high coverage (\>20-fold) for three of the genomes (CR1, CE1, and CE2) and lower coverage (10.52-fold) for the CR2 genome ([fig. 1](#msu104-F1){ref-type="fig"}*B*), and all exhibited approximately 90% useable sites of the genome ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). Notably, more than half of the SNVs in CRs and CEs were heterozygous (CR1: 63.15%, CR2: 68.41%; CE1: 57.41%, CE2: 59.90%), and their autosomal heterozygosity rates were approximately three times higher compared with that of TM ([table 1](#msu104-T1){ref-type="table"}). Hence, these large differences in SNV types and heterozygosity rates between TM and the *fascicularis* macaques revealed important differences in their genetic background.

By combining with previously reported macaque genomes from one reference genome (IR), two CRs, and two CEs, we explored the genetic divergence between TM and other macaques at the genome-wide level. First, we used a 50 kb nonoverlapping windows to scan each chromosome, suing only homozygous sites within each individual to estimate the divergence between macaque species ([@msu104-B55]). As expected, the divergences between TM and the *fascicularis* macaques were higher than those within the *fascicularis* group. The divergence between TM and IR was the highest (whole-genome average: 0.384%), whereas the divergences between TM and CRs (TM/CR1: 0.300%; TM/CR2: 0.301%) were very similar to those between TM and CEs (TM/CE1: 0.289%; TM/CE2: 0.280%), but the TM was slightly closer to the CEs ([fig. 3](#msu104-F3){ref-type="fig"}*A*). With respect to the divergence within the *fascicularis* group ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online), the divergences between two CRs and two CEs were the smallest (CR1/CR2: 0.042%; CE1/CE2: 0.086%), whereas the divergences between IR and CEs were much higher (IR/CE1: 0.179%; IR/CE2: 0.191%). We found lower divergences between IR and CRs (IR/CR1: 0.115%; IR/CR2: 0.105%), which is expected because IR and CR correspond to two subspecies of rhesus macaque, and these results are also consistent with a previous study ([@msu104-B55]). In addition, we detected a similar pattern confirming these results by repeating the calculation based on a 100 kb window size ([supplementary file S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). F[ig]{.smallcaps}. 3.Single-nucleotide divergence and pairwise differences. (*A*) Single-nucleotide divergence between TM and other macaques in 50 kb nonoverlapping windows across the 20 autosomes. The heterozygous variants were not used in this test. (*B*) Pairwise differences between and within macaques estimated in 50 kb nonoverlapping windows across the genome. We calculated the genetic distance by using the genetic distance metric from [@msu104-B18]. (*C*) The divergence between TM and CRs (TM/CRs) and compared it with different control sets in 50 kb nonoverlapping windows. Divergences within two CRs and between CRs and CEs were used as control sets. Numbers in parentheses are the percentages of windows, which TM/CRs minus control sets is smaller than zero. The divergence ratio is smaller than zero means the divergence between TM and CRs is lower than that of control sets.

However, more than half of the variants observed in two CRs and two CEs were heterozygous ([table 1](#msu104-T1){ref-type="table"}), thus only using homozygous variants could potentially introduce bias, because all the information from heterozygous variants was ignored. Therefore, all the variants were employed to calculate the pairwise genetic distances by using the genetic distance metric from [@msu104-B18]. We performed pairwise comparisons between and within macaques across the genome with 50 kb ([fig. 3](#msu104-F3){ref-type="fig"}*B*) and 100 kb ([supplementary file S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online) nonoverlapping window sizes. Of note, the two different window sizes yielded similar results ([supplementary file S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). Consistent with the results in [supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online, the level of diversity within CR was the lowest, whereas the genetic diversity within CE was higher. With respect to pairwise differences between TM and other macaques, such as the pattern shown in [figure 3](#msu104-F3){ref-type="fig"}*A*, TM exhibited similar pairwise genomic divergence from CRs and CEs. Interestingly, in contrast to the relationship detected with only homozygous variants ([fig. 3](#msu104-F3){ref-type="fig"}*A*), most genomic regions exhibited lower divergence between TM and CRs than between TM and CEs, indicating that TM was more closely related to CRs than to CEs ([fig. 3](#msu104-F3){ref-type="fig"}*B*).

We further examined how many genomic regions (50 kb and 100 kb) support that TM was more closely related to CR than to CE. We calculated the divergence ratio between TM and CRs and compared it with the divergence ratio between TM and CEs (TM/CR -- TM/CE). In the 50 kb window size analyses, up to 60.75% (56.59--60.75%) of the genomic windows displayed a lower divergence between TM and CRs, in comparison to that between TM and CEs ([supplementary file S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [fig. S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online), thus suggesting a closer relationship between TM and CRs than between TM and CEs. Furthermore, when the window size was increased to 100 kb, slightly more regions (59.64--65.23%) supported these findings ([supplementary file S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [fig. S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online).

Introgression between TM and CR
-------------------------------

Given that the widely occurring introgression among different macaque species ([@msu104-B52]; [@msu104-B24]), we further tested whether there was admixture between TM and CR, even though no previous studies have reported admixture between TM and other macaques. We calculated the divergence between TM and CRs and compared it with different control sets by using pairwise differences metrics, as previously described. Given that TM and CR correspond to different species group, both the value of TM/CRs minus CR1/CR2 (within species) and the value of TM/CRs minus CRs/CEs (within species group) was expected to be positive at all or at most windows. Surprisingly, some proportion of windows supported that the divergence level of TM/CRs was lower than the control sets ([fig. 3](#msu104-F3){ref-type="fig"}*C*). Indeed, comparison of the divergence within species group (the divergence of CRs/CEs) using a 50 kb window size analysis revealed that 5.26% (TM/CR1 -- CR2/CE1) to 9.95% (TM/CR1 -- CR1/CE2) of windows were negative ([fig. 3](#msu104-F3){ref-type="fig"}*C*). These results suggest a lower divergence between TM and CRs than that within *fascicularis* group. Even when compared with the divergence within species (the divergence of CR1/CR2), up to 0.48% of windows supported a lower divergence for TM/CRs ([fig. 3](#msu104-F3){ref-type="fig"}*C*). Of note, the results were subject to some variation that was dependent to whether CE1/CR or CE2/CR was used as a control set. This is likely because CE1 and CE2 were obtained from different populations (see Inference of demography) and possibly due to admixture between CE1 and CRs ([@msu104-B55]). Similarly, the 100 kb window sizes analyses yielded similar results, although with a less proportion of windows showing lower divergence between TM and CRs than that of control sets (0.19--5.47%; [supplementary file S2,](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) [fig. S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online).

The unusual low divergence regions detected in our results could be the result of either hybridization between TM and CR or persistence of ancestral polymorphisms. Therefore, we applied statistical criteria to detect putative introgression regions (PIRs) in the TM genome, as described previously ([@msu104-B55]). Six comparisons with different control sets were performed with a series of window sizes ranging from 10 to 1,000 kb. Additionally, because there were two CRs in our data set, we further checked whether the same possible PIRs could be detected in both CRs. Before applying statistical criteria, the results showed that more possible PIRs could be found in smaller window sizes, with a peak value at 10 kb window size. The maximum number of possible PIRs calculated was 557,890 kb, and 437,000 kb of these could be found in both CRs ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [tables S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) and [S7](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online).

To determine cut-off values of *R*~diff~ for PIRs described earlier, we performed coalescent simulations adopting the demographic parameters of three macaque populations (CE1, CR1, and IR) estimated by [@msu104-B55] using ∂a∂i software ([@msu104-B20]). Then, we calculated *R*~diff~ for each window size in the simulated data. Because it was clear that fewer possible PIRs could be found in large window sizes, we only calculated the *R*~diff~ from 10 to 100 kb window sizes in the simulated data. The 1% and 5% quantiles of *R*~diff~ in the simulated data were used as cutoffs (*R*~cutoff~). These two different cutoffs from the simulated data were applied to the real data. An *R*~diff~ smaller than *R*~cutoff~ and 0 indicates this region is a PIR in TM genome. Using a stringent *P* value (0.01), we identified roughly 35,000 kb PIRs in the TM genome, which comprised approximately 1.3% of the genome ([table 4](#msu104-T4){ref-type="table"}). These results were consistent between different window sizes and showed a peak at 20 kb window size. However, more PIRs could be detected with a less stringent *P* value of 0.05 ([table 4](#msu104-T4){ref-type="table"}). Indeed, up to 239,620 kb PIRs (8.84% of the genome) were found in the 20 kb window size ([fig. 4](#msu104-F4){ref-type="fig"}). The 20 kb window could find more PIRs than that within the 10 kb window (215,640 kb; 7.95% of the genome) was likely due to smaller power within the 10 kb window. The sizes of PIRs decreased markedly in larger window sizes (40--100 kb), suggesting that the introgression between TM and CR was an ancient event, because the length of the PIRs could reflect the time at which the gene flow occurred ([@msu104-B42]). Previous studies based on different markers (mtDNA, cDNA, and X chromosome) suggested that the ranges of divergence time between cynomolgus and rhesus macaques were from 0.5 to 2.0 Ma ([@msu104-B21]; [@msu104-B4]; [@msu104-B38], [@msu104-B39]). The introgression events should have occurred after the divergence of cynomolgus and rhesus macaques because this criterion was used to identify PIRs. However, we noticed that there were more mutations between TM and the other macaques than that between CE1 and CR1, which may also increase the statistical power for small window sizes. F[ig]{.smallcaps}. 4.Distribution of PIRs in the TM genome. The red bar represents the total sizes of PIRs in each chromosome, and the blue plot represents the proportion of the PIRs in each chromosome (based on the full size of the reference genome). The last column "all" means the sum of the 20 autosomes. (*A*) With the *P* value = 0.01 as cutoff. (*B*) With the *P* value = 0.05 as cutoff. Table 4.Size and Proportion of the PIRs in TM Genome with Different *P* Values under Different Window Sizes.*P*TermsDifferent Window Sizes (kb)102030405060801000.01Cutoff *R*~diff~−0.5−0.31−0.233−0.172−0.135−0.115−0.069−0.043Sizes (kb)35,88036,66034,02035,40036,45033,36034,32036,600Proportion of the genome (%)1.3241.3531.2551.3061.3451.2311.2671.3510.05Cutoff *R*~diff~−0.131−0.0320.01250.0450.0620.0760.1040.123Sizes (kb)215,640239,620218,100171,000141,20099,30082,72063,300Proportion of the genome (%)7.9588.8438.0496.3115.2113.6653.0532.336[^5]

Historic and ongoing episodes of hybridization in macaques have been reported to occur mostly within one species group ([@msu104-B41]), such as between various Sulawesi macaques ([@msu104-B11]), the recently described Arunachal macaque ([@msu104-B6]), and rhesus and CEs ([@msu104-B5]; [@msu104-B55]). Furthermore, hybridization has been inferred among macaques from different groups. A previous study suggested that extensive hybridization between early *sinica* and *fascicularis* group members in a Pleistocene forest refugium gave rise to the species of *M. arctoides* ([@msu104-B53]). This hypothesis was further supported by a study based on *Alu* elements data in which the results suggested that *M. arctoides* was the result of male-mediated introgression from TM to *M. fascicularis* ([@msu104-B31]). Although current hybridization is rare among macaque groups, the isolated forest refugium associated with the Pleistocene glacial periods may have provided rich opportunities for interspecific mating. In the case of TM and CR, their geographical distribution areas overlap in southwestern China ([supplementary file S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [fig. S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online) providing an opportunity for hybridization. Additionally, during the Middle Pleistocene, TM and CR shared the same refuge in southwestern China (Sichuan and Yunnan Provinces) ([supplementary file S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [fig. S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online; [@msu104-B10]; [@msu104-B7]; [@msu104-B12]). Moreover, there are many similarities regarding the mating behavior. For example, both of them are multiple mount-to-ejaculation species, and their reproductive seasons overlap ([@msu104-B58]; [@msu104-B3]). Therefore, ancient introgression between TM and CR is highly likely and could explain the observed extraordinarily low divergence regions and PIRs found in our study.

Variants Specific in TM
-----------------------

To identify the variants specific at sampled macaques in this study, we created a merged SNV data set by combining the SNVs of all the macaques. In total, there were 31,868,376 informative SNVs among all the macaques. After dispelling any missing data in the samples, there were still 20,035,210 SNVs in the merged SNV data set. By comparison with other five macaques (including the reference genome), 3.9 million TM-specific SNVs were identified, including more than 1.3 million located within genic regions and 26,205 in exons ([table 3](#msu104-T3){ref-type="table"}). The amount of TM-specific SNVs accounted for about one-third of the total SNVs found in TM, which were far more than the CRs- and CEs-specific SNVs (CR1: 2,038,702; CR2: 2,005,637; CE1: 2,876,161; CE2: 3,452,073; [supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). These results are consistent with the phylogenetic evolutionary position of TM, which exhibits a deeper divergence from the reference genome when compared with CR and CE.

We identified 27,348 homozygous nonsynonymous SNVs in the TM genome, compared with the reference genome. Among these SNVs, 10,106 were TM-specific when compared with other four macaques ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). We then investigated how many TM-specific SNVs were within the six GO terms. We found 397 TM-specific homozygous nonsynonymous variants (TSHNV) related to immune response and 97 involved in drug response genes. Dozens of TSHNVs were also identified in the other four GO terms. Importantly, 203 immune response genes, 48 drug response genes, 17 glucose metabolic process genes, 21 insulin secretion genes, two insulin receptor binding genes, and 21 insulin receptor signaling pathway genes carried at least one TSHNV ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). In total, 86 genes within the six GO terms carried more than one TSHNV ([supplementary file S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). Some specific genes of particular importance for human disease conditions, such as autoimmune regulator (*AIRE*) and Mediterranean fever gene, are discussed later.

We examined the effect of 10,106 TSHNVs on protein structure and functionality by PolyPhen-2 prediction tests. PolyPhen-2 predicts the effects of missense mutations by comparing the properties of the ancestral allele with those of the derived allele according to sequence and structural features of the protein. The results showed that 2,235 sites scored as probably or possibly damaging for humans. In total, 1,496 different genes carried at least one of the probably or possibly damaging TSHNV. Thus, we performed functional enrichment analyses to determine which pathways or functions were enriched by the genes containing predicted deleterious TSHNVs. Within enriched categories, we observed numerous human disease classes, including diabetes mellitus, eye problems, and skin problems ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S10](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). Indeed, we found a significant enrichment in genes related to diabetes mellitus (HP:0000819), with 14 genes in this category: *AIRE, ALMS1, ATM, BLM, CNGB1, LEMD3, LOC703862, LOC718993, LOC719052, NOP10, PPP1R3A, PROM1, RP1*, and *ZMPSTE24*. In addition, child levels of diabetes mellitus were also significantly enriched with 9 of the 14 genes above. Moreover, a group in China recently reported a significant positive correlation between TM weight/age and blood sugar level and also found significantly higher blood sugar levels in TM than that in rhesus macaques ([@msu104-B56]). Eye problems were also prevalently observed, such as glaucoma (HP:0000501), pigmentary retinopathy (HP:0000580), abnormality of the choroid (HP:0000610), inflammatory abnormality of the eye (HP:0100533), chorioretinal abnormality (HP:0000532), and abnormality of the vasculature of the eye (HP:0008047).

Additionally, we used Sorting Tolerant From Intolerant (SIFT) to further estimate the functional changes of the 2,235 TSHNVs that were estimated as deleterious by PolyPhen-2. SIFT calculates normalized probabilities for all possible substitutions in the alignment and predicts that positions with normalized probabilities smaller than 0.05 are "deleterious.\" Additionally, the program outputs the median conservation of the proteins used in the alignment, which is recommended to be between 2.75 and 3.5. When the value is more than 3.25, the prediction is made based on highly similar sequences and is therefore not as reliable ([@msu104-B25]). We found 707 TSHNVs with deleterious scores, which were located in 556 different genes. Enrichment analyses found less significant categories than data set above, but some overlaps were found, such as sensory perception ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S11](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). Although the eye-related categories in [supplementary table S10](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online, were not observed, other similar categories were detected (visual perception, GO:0007601; [supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S11](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). [@msu104-B33] reported that TM had been trained in captivity to allow health checking (such as IOP), and the authors further suggested that TM appeared to be a suitable model for glaucoma research. Genes carrying damaging TSHNVs showed significant enrichment at multiple categories in eye problems and diabetes mellitus ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [tables S10](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) and [S11](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online), thus indicating that TM could be a potentially good biomedical model for studying these diseases.

We also examined loss-of-function variants (lose start codon, lose/gain stop codon, and frame shifting) in TM ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S12](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). We found 158 transcripts in TM containing homozygous specific loss-of-function variants ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S13](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online) and 68 transcripts containing heterozygous specific loss-of-function variants ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S14](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). Most of the corresponding genes are uncharacterized or predicted genes. We further examined whether these genes are within the six GO terms analyzed previously. We found four and one immune response genes containing homozygous- and heterozygous-specific loss-of-function variants, respectively.

SNVs are valuable genetic markers for assessment of interspecies or interindividual variability. Previously, a relatively small panel of SNVs was used to distinguish rhesus macaque populations from Chinese and Indian origin ([@msu104-B14]). [@msu104-B22] detected 1,368,528 completely differentiated SNVs between CE and rhesus macaque genomes through four genomes comparison (IR, CR1, CE1, and CE2). In this study, we increase the number of specific SNVs in each sampled macaque by genome-wide comparison with more macaque species or individuals and discovered 10,106 TSHNVs, which provide a plethora of markers that will greatly improve the study of regional populations, animal ancestry and origins, and even hybrids between macaque species. The newly discovered SNVs constitute an important resource of candidate variants for determining species-specific responses to drugs and pathogens and significantly extend the power and resolution of genotyping approaches in population genetics or genotype--phenotype association studies.

Allele Frequency of TSHNVs in Disease Genes
-------------------------------------------

As shown earlier, we identified a substantial number of TSHNVs by comparing the TM genome with the reference genome and four other macaques' genomes. To determine whether these TSHNVs are found at high frequency or even entirely fixed in the TM population, we estimated their frequency in this population through polymerase chain reaction (PCR) sequencing. A group of 29 TSHNVs in 14 well-studied immune and disease-related genes were selected to perform the PCR resequencing in 18 unrelated TM individuals from Sichuan province, China ([supplementary file S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S15](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). The resequencing experiment generated more than 8,000 bp Sanger sequences in each individual and allowed us to calculate allele frequencies for each TSHNV in the TM population. The individual TM03 used for genome sequencing was also included to validate our genotype calls. Resequencing results from all 29 TSHNVs showed identical genotypes to the whole-genome sequencing results, thus confirming the confidence of our genotype calls ([supplementary file S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S16](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). Moreover, the allele frequency distribution of the 29 TSHNVs showed that the alternative alleles of 23 of these were fixed in the sequenced TM individuals. The other six TSHNVs had higher than 50% allele frequencies as well ([fig. 5](#msu104-F5){ref-type="fig"}; [supplementary file S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S16](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). F[ig]{.smallcaps}. 5.The allele frequency of 29 TSHNVs. The allele frequency of 29 TSHNVs at 14 important immune or disease genes was generated by PCR resequencing in 14--18 unrelated TM individuals from Sichuan province, China. The gene symbol, chromosome location, and genomic position of the variants were shown, and the details for these variants and genes could be found in [supplementary file S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S15](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online. The detail sequencing results could be found in [supplementary file S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S16](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online.

*IFIH1* (interferon-induced with helicase C domain 1) gene is a putative RNA helicase. Genetic variation in *IFIH1* gene has been shown to be associated with diabetes mellitus insulin-dependent type 19 ([@msu104-B48]; [@msu104-B34]; [@msu104-B36]). We found two nonsynonymous *IFIH1* gene variants in TM. Furthermore, these two variants were found to be TSHNVs. The Sanger sequencing confirmed that both were entirely fixed in the TM population ([supplementary file 3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S16](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online).

Both *AIRE* and ataxia telangiectasia mutated (*ATM*) genes were within the diabetes mellitus (HP:0000819) and the eye problem categories obtained from GO analysis ([supplementary file S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S10](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). Both genes were enriched with nonsynonymous variants in the TM genome. Six nonsynonymous variants, including four TSHNVs, were found in each gene. The *AIRE* gene encodes a transcriptional regulator that plays an important role in immunity by regulating the expression of autoantigens and negative selection of autoreactive T-cells in the thymus. Mutations in this gene can cause rare autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy syndrome (APECED) in humans ([@msu104-B15]). In addition, homozygous disruption of *AIRE* expression in a mouse model revealed that inactivating this gene results in immune system dysfunction ([supplementary file S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S15](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). The *ATM* gene encodes a protein belonging to the phosphatidylinositol 3-kinase family that responds to DNA damage. Mutations in this gene are associated with Ataxia-telangiectasia ([@msu104-B17]) and susceptibility to breast cancer ([@msu104-B50]). PCR resequencing found that all the four TSHNVs at *AIRE* gene were fixed, whereas three TSHNVs at *ATM* were fixed and one TSHNV (chr14: 106833883) displayed an allele frequency of 66.67% ([supplementary file S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S16](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). Analysis of the allele frequency of TSHNVs at 11 other important immune response genes ([supplementary file S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online) also revealed markedly high allele frequencies in TM individuals ([fig. 5](#msu104-F5){ref-type="fig"}; [supplementary file S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S16](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online).

Next, we examined the amino acid residue replacement from these variants in the human--macaque orthologs. The results showed that 22 of these exhibited different amino acid residues in human ([supplementary file S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S15](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). Although the phenotypes described earlier have been reported in human studies, the TSHNVs we found in TM could still provide useful information about the genetic diversity between TM and other macaques or humans. Despite the high conservation of the primate immune system, clinical trials have shown that responses in macaques are not good predictors of human defense reactions, likely due to mutations in immune-related genes ([@msu104-B51]). The identification and characterization of distinct genotypes in TM population may further reveal associations between macaque genetic background and pharmacology, drug response, or metabolism. However, our resequencing results showed that most of the variants from selected SNVs were almost fixed in the TM population from Sichuan province. Our results suggested that the TM exhibited remarkably very low heterozygosity, which was consistent with the genome wide results ([table 1](#msu104-T1){ref-type="table"}).

Inference of Demography
-----------------------

In TM, we observed that the genome wide heterozygosity rate was only 0.0898% per bp ([table 1](#msu104-T1){ref-type="table"}). This heterozygosity level was approximately three times lower than those observed in other macaque individuals (CR1: 0.2617% per bp; CR2: 0.2612% per bp; CE1: 0.3004% per bp; CE2: 0.3179% per bp) and might indicate serious bottlenecks in TM evolutionary history. Therefore, we used the pairwise sequentially Markovian coalescent (PSMC) model to infer ancestral demographic trajectories. The results revealed at least two population bottlenecks in TM and the two CEs, whereas only one bottleneck in two CRs ([fig. 6](#msu104-F6){ref-type="fig"}). Thus, approximately 1.0--1.2 Ma, all macaques began experiencing a first population bottleneck, which lasted until roughly 0.5 Ma. Subsequently, the two CRs showed evidence of population growth although the increase between 0.1 and 0.5 Ma was slight. Both CE1 and CE2 showed a remarkable population increase between 0.2 and 0.5 Ma, but subsequently experienced a second decline. The effective population size (*N*~e~) of CE2 was smaller than that of CE1 between 0.06 and 0.2 Ma. However, CE2 (Malaysian CE) showed evidence of growth around 0.08 Ma, whereas the decrease in CE1 (Vietnamese CE) lasted until more recent times. TM exhibited a similar demographic trajectory to the other four macaques until around 0.5 Ma, but the population growth and the *N*~e~ during 0.2--0.5 Ma were lower than that of the two CEs. When the two CRs began the second increase, TM started the second decline, and the resulting decline in *N*~e~ has continued until present days. Notably, the TM *N*~e~ at recent periods was low compared with other macaques. To validate the confidence in the PSMC results described earlier, we ran 100 bootstrap replicates for each genome. The results from all five genomes confirmed the confidence of our findings ([supplementary file S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [fig. S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). However, it should be noted that the genome coverage might have influenced the PSMC results, especially for the CR2 because it was only approximately 10-fold. F[ig]{.smallcaps}. 6.Historical changes in effective population size. Reconstruction of historical patterns of effective population size for five macaque genomes based on the genomic distribution of heterozygous sites by using the pairwise sequential Markovian coalescent (PSMC) method.

The population bottlenecks in macaques may correspond to the different glacial periods in history ([@msu104-B22]). The TM population declines started around 1.0 and 0.1 Ma, around the same time as the two large Pleistocene glaciations in China, the Naynayxungla Glaciation (0.78--0.50 Ma) and the last glacial period (0.08--0.01 Ma) ([@msu104-B59]). A second possible reason may involve distribution and habitat loss. Rhesus macaques and CEs display a wider distribution than TM. CEs inhabit Southeast Asia, including the Indonesian Islands, Philippine Islands, and Indochina, whereas rhesus macaques are found in an even more extensive region of Asia ([@msu104-B24]; [@msu104-B40]). However, TM is endemic to China. Although it has a wide historical distribution ranging from southern to eastern China, its habitats have declined with farmland development. Currently, the most serious threat to TM comes from human impacts, which include habitat destruction, illegal poaching, and human-transmitted diseases. As a result, the TM population has been reduced dramatically ([@msu104-B54]). TM subspecies are also isolated from each other, thus leading to limited gene flows between them. Previous studies have shown significant genetic differences between Sichuan, Anhui, Yunnan-Guizhou, and Fujiang TM populations ([@msu104-B35]; [@msu104-B29]; [@msu104-B57]; [@msu104-B60]). Specifically for the Sichuan populations, no haplotypes have been shared with Anhui and Yunnan-Guizhou populations, as assessed by mitochondrial DNA analysis ([@msu104-B35]; [@msu104-B29]; [@msu104-B60]). The 8,000 bp Sanger sequence data of 18 TM from Sichuan province in this study demonstrated that TM exhibited markedly low heterozygosity ([fig. 5](#msu104-F5){ref-type="fig"}). As a consequence, it is not surprise to observe low genetic diversity and *N*~e~ in TM.

The different demographic history between CE1 and CE2 after 0.2 Ma was possibly associated with their origins. CEs were genetically grouped into Indonesian-Malaysian, Philippine, Indochinese, and Mauritian macaques ([@msu104-B24]; [@msu104-B40]). Indochinese CEs (e.g., CE1) displayed admixture with rhesus macaques ([@msu104-B49]; [@msu104-B5]; [@msu104-B55]), whereas Indonesian-Malaysian CEs (e.g., CE2) originated from a putative ancestral population according to the fossil evidence showed the highest genetic diversity ([@msu104-B7]; [@msu104-B22]). Therefore, the genetic backgrounds of CE1 and CE2 were very different. The different demographic trajectories and larger *N*~e~ at recent times we observed in PSMC of them were consistent with fossil records and previous evidences.

Conclusions
===========

In this study, we reported a 37-fold coverage genome of a *sinica* species of TM using a resequencing strategy. Using the IR as a reference genome, these data enabled genome-wide discovery of 11.9 million high-quality SNVs in TM, including 3.9 million TM-specific SNVs through comparison with four available genomes of rhesus and CEs. The observed genome wide genetic differences between TM and *fascicularis* group macaques, as well as the genetic variations at particular immune- and disease-related genes confirmed by PCR resequencing, may lead to functional differences in clinical studies. The autosomal heterozygosity rate of TM was approximately one-third of that of CRs and CEs indicating a very low heterozygosity in TM. PCR resequencing data also demonstrated low heterozygosity in the TM Sichuan population. Moreover, genes carrying deleterious TSHNVs were significantly enriched in diabetes mellitus and eye disease ontology categories, which suggest that TM could be a potentially good biomedical model for studying these diseases. The genome-wide comparison revealed that TM was more closely related to CR than to CE, and some unusual low divergence regions between TM and CR were detected. After applying statistical criteria, up to 239,620 kb PIRs (8.84% of the genome) were identified in the TM genome. In addition, TM and CR display a highly overlapping geographical distribution, and they shared the same refuge during the Middle Pleistocene. They also exhibit similar mating behavior. Therefore, all these results indicate that probably there was an ancient introgression event between TM and CR. Furthermore, demographic inference analysis revealed that TM exhibited a similar demographic history as other macaques until 0.5 Ma, but then it maintained a lower effective population size until present days. In conclusion, our study has provided new insight about the macaque evolutionary history, confirming hybridization events between different macaque species groups based on genome-wide data.

Materials and Methods
=====================

Sample Information
------------------

A wild 12- to 15-year-old female TM captured from Mabian County, Sichuan province, China, was used for whole-genome sequencing. Genomic DNA was extracted from whole blood using the standard phenol--chloroform method. Two TM-specific and one Stump-tailed macaque-specific (*M. arctoides*) *Alu* locus ([@msu104-B31]) and mitochondrial DNA fragment were amplified to confirm the species identification, because TM and Stump-tailed macaque are morphologically very similar. Further details can be found in [supplementary file S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online. The short read sequences of CR1, CR2, and CE1 used in this study were downloaded from NCBI (accession numbers SRA023856, SRA037810, and SRA023855) ([@msu104-B13]; [@msu104-B55]). The alignment files (format as bam files) of the Malaysian CE (CE2) were kindly provided by Dr Osada (Department of Population Genetics, National Institute of Genetics, Japan) and described in [@msu104-B22].

Genome Sequencing and Mapping Short Reads
-----------------------------------------

TM whole-genome sequencing was performed using an Illumina Hiseq 2000 at Beijing Genomics Institute (BGI). Two paired-end libraries with insert sizes of approximately 500 bp were generated. Library preparation and all sequencing runs were performed according to manufacturer's protocols. The 100-bp pair-end (PE) short reads of TM were aligned to IR genome (rheMac2) using Bowtie2 ([@msu104-B28]) under local alignment algorithm with very sensitive model and proper insert sizes. Default options were used for other parameters. The short reads of CR1, CR2, and CE1 were also mapped to rheMac2 using the same pipeline. The SOLiD data of CE2 were originally mapped to rheMac2 using BioScope ([@msu104-B22]), and the alignment files were used directly in the downstream genotype pipeline.

Genotyping Pipeline
-------------------

After mapping the short reads to the reference genome, we applied Picard (<http://picard.sourceforge.net>, last accessed March 26, 2014) and GATK toolsets ([@msu104-B9]) to process the alignments to SNV and indel calls for the five macaques. The whole pipeline converted the short reads to bam format alignment files and then generated genotype calls in Variant Call Format (<http://www.1000genomes.org/node/101>, last accessed March 26, 2014) ([fig. 1](#msu104-F1){ref-type="fig"}*A*). Further details of our pipeline can be found in [supplementary file S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online.

Postgenotype Filters
--------------------

After obtaining the genotype calls from GATK, we applied several data quality filters to control the data quality. Previously, different genomic studies used different filters ([@msu104-B22]; [@msu104-B27]; [@msu104-B43]). Here, we sought to minimize the effects of sequencing and alignment errors ([@msu104-B37]) and also sought to exclude the regions that show accelerated evolutionary rates, which are not caused by positive selection. Therefore, we used both genome filters, which are based on the reference genome's features and polymorphism across samples, and SF, which are based on the genotype calls of each sample. We described the details of filters in [supplementary file S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online.

Gene Annotation
---------------

We obtained SeqGene files from the FTP section of the NCBI database as the gene annotation source for the reference genome (rheMac2; <ftp://ftp.ncbi.nih.gov/genomes/Macaca_mulatta/mapview/>, last accessed March 26, 2014). The retrieved files included annotated gene names and symbols, genomic coordinate of coding exons, and UTRs of both confirmed and predicted genes. After removing duplicated records, PSEUDO genes, and genes without transcript ID, the final annotation contained 25,045 transcripts from 19,544 genes. Using this gene annotation, we classified the location of all detected SNVs as nongenic and genic. The genic SNVs were further classified into noncoding, UTR, intron, and exon SNVs.

SNVs in Important Pathways and Genes
------------------------------------

We checked how many variants in TM fell into immune response genes and drug response genes. In addition, because TM has the largest body size in genus *Macaca* and might be a good medical model for obesity and diabetes, we searched TM variants in glucose metabolic process genes and insulin-related genes.

We obtained GO lists from the GO project (<http://www.geneontology.org>, last accessed March 26, 2014) for the following categories in human: Immune response (GO0006955); Response to drug (GO0042493); Glucose metabolic process (GO0006006); Insulin secretion (GO:0030073); Insulin receptor binding (GO:0005158); Insulin receptor signaling pathway (GO:0008286).

Variant Functional Impact and Enrichment Analyses
-------------------------------------------------

We predicted the effects of nonsynonymous mutations on protein structure and functionality using PolyPhen-2 ([@msu104-B1]). All protein sequences used as input for the program were obtained by translating the corresponding transcript sequences, and all TSHNVs were submitted as a batch file for HumDiv model. Genome assembly was preformed choosing hg19. Sites were ranked according to the predicted qualitative effects of the amino acid substitution ("benign," "possibly damaging,\" or "probably damaging\"). Complementary analyses were performed with SIFT for the TSHNVs estimated as "possibly damaging" or "probably damaging" in PolyPhen-2 ([@msu104-B25]; <http://sift.jcvi.org/>, last accessed March 26, 2014). Then, genes containing TSHNVs that were classified as damaging (probably or possibly) in PolyPhen-2 were tested for significant enrichment in GO categories, Kegg/Reactome pathways (KGR), and Human Phenotype Ontologies (HPO) using the online tool g:Profiler ([@msu104-B44]). The sources/databases used were GO terms, which aim to summarize relevant information about gene function with respect to their molecular function, the biological process, and cellular compartments (<http://www.geneontology.org>, last accessed March 26, 2014); the KGR, which are curated reference databases for biological pathways (<http://www.genome.jp/kegg/pathway.html>, last accessed March 26, 2014), and the HPO, which establishes standardized terms for phenotypic abnormalities encountered in human disease (<http://www.human-phenotype-ontology.org/>, last accessed March 26, 2014). We also did the same test for the TSHNVs that were estimated as deleterious in both PolyPhen-2 and SIFT. All genes of rhesus macaque annotated in Ensembl were used as background set, and the Benjamini--Hochberg false discovery rate ([@msu104-B2]) was applied to correct for multiple testing. We only reported significantly enriched categories that included ≥5 genes and with multiple testing corrected *P* value ≤ 0.05.

PCR Resequencing of Selected Variants
-------------------------------------

To validate the allele frequency of the TM-specific homozygous SNVs, we checked 29 TSHNVs in 14 genes in 14--18 unrelated TM individuals from Sichuan province through PCR resequencing method ([supplementary files S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) and [S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). These individuals were collected from Mabian, Emei, Ganluo, and Pengzhou counties, and none of them shared grandparents ([supplementary file S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [fig. S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online). Three criteria were used to select these genes and SNVs: 1) well-studied important immune-related or human disease genes; 2) carried at least one TM-specific damaging homozygous SNV estimated by PolyPhen-2; and 3) the selected SNVs should cause nonsynonymous changes. Primer sets for PCR amplification are listed in [supplementary file S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [table S17](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) online. PCR products were subsequently sequenced using an ABI 3730XL sequencer (Applied Biosystems).

Genetic Divergence
------------------

To estimate the divergence between TM and other macaques, we followed the method described in a previous macaque genome study ([@msu104-B55]). Only homozygous variants were used ([@msu104-B55]), and two different nonoverlapping window sizes were applied (50 kb and 100 kb). Genetic distance was also calculated using the genetic distance metric described by [@msu104-B18]. The genome was scanned with two different window sizes (50 kb and 100 kb nonoverlapping windows), and then we made pairwise comparison between and within different species across the genome.

Detection of PIRs
-----------------

PIRs were detected in the TM genome by defining a statistic value, *R*~diff~, to quantify the difference between the divergences between two different comparisons as described previously ([@msu104-B55]). Genetic distance was calculated according to the method by [@msu104-B18]. Analyses were performed with different window sizes ranging from 10 to 1,000 kb. To filter out false-positive PIRs, we applied the following approach to determine the cut-off values for the *R*~diff~. We performed coalescent simulations adopting the demographic parameters of three macaque populations (CE1, CR1, and IR) estimated by [@msu104-B55] using ∂a∂i software ([@msu104-B20]). For simplicity, we assumed a model without gene flow between different macaques, as described previously ([@msu104-B55]). We first estimated the divergence time between TM and the other three populations using the data presented in [table 1](#msu104-T1){ref-type="table"}. Because the reference genome (IR) is a haploid genome, thus to estimate the average genetic divergence, we simply summed up homozygous SNV counts and a half of heterozygous SNV counts and then divided the counts by the total number of analyzed sites. The average genetic divergence between TM and IR chromosomes was subtracted from the average genetic divergence between CE1 and IR chromosomes. If we assume the ancestral population sizes of TM/IR and CE1/IR are equal, which is consistent with the estimation by [@msu104-B55], the difference corresponds to the difference of divergence time between TM/IR and CE1/IR. The time was scaled to the unit of 4*N*~m~ (4*N*~m~; ancestral population size) in the model of Yan et al. and incorporated into a new model with TM. In coalescent simulations, we also incorporated the effect of recombination, because the sizes of window are not negligibly small for large window sizes. For each locus, we randomly sampled recombination rate per base pair from the exponential distribution with the average of 7.34 × 10^−9^, which was estimated from rhesus macaques ([@msu104-B46]; [@msu104-B39]), and then generated a genealogy using ms software ([@msu104-B23]). We next calculated *R*~diff~ using the same equation as we used in the real data. The procedure was repeated 100,000 times for each window size.

Inference of Demography
-----------------------

We used the PSMC method ([@msu104-B30]) to infer the demographic history of TM, two CRs, and two CEs. Briefly, the method uses the distribution of heterozygote sites across the genome and a PSMC model that defines a hidden Markov model. The following parameters were used: numbers of iterations = 25, time interval = 1 × 6 + 58 × 1, mutation rate per generation = 2.5 × 10^−8^, and generation time = 6. The mutation rate and generation time were used in a previous macaque genome study ([@msu104-B22]). We note that different mutation rate and generation time may have a big impact on the time estimation of PSMC result. To validate the confidence in PSMC findings, we ran 100 bootstrap replicates for each genome. To sample a bootstrap replicate, we divided the genome into segments of 5 Mb, sampled with replacement from those segments until we obtained a sequence with approximately the same length as the original genome as defined by using the "-b" option in the PSMC software, and reran the EM-based *N*~e~ estimation procedure.

Supplementary Material
======================

[Supplementary files S1--S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu104/-/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org/>).
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